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Introduction
Scientific research plays an important role in the advancement of technologies and the fostering of economic growth (Dasgupta and David, 1994; Dosi, 1988; Murray et al., 2016; Romer, 1986; Sorenson and Fleming, 2004; Stephan, 1996) . Hence, the production of thorough and reliable scientific results is crucial from a social welfare and (science) policy perspective (Furman et al., 2012; Kiri et al., 2018; Lacetera and Zirulia, 2011; Stephan, 2012) .
However, in times of increasing retractions and frequent instances of scientific fraud and misconduct, scientific quality assurance mechanisms are subject to a high level of scrutiny (McNutt, 2014; Steen et al., 2013; Lacetera and Zirulia, 2011; Cokol et al., 2008) . Therefore, formal published replication studies and informal replication can be seen as important post-publication quality checks in addition to the established pre-publication peer review process Coffman and Niederle, 2015) . Replicability has been described as an ideal standard of good scientific practice (Popper, 1959; Jasny et al., 2011; Campbell and Stanley, 1963) . Maintaining this ideal standard becomes even more important in light of the increase in publications and growing demand from publishers, funding bodies, and policy makers to make research more transparent (European Commission, 2012 . Increasingly powerful research infrastructures to support these demands, e.g., services that host data and code, reinforce this dynamic (Bohannon, 2015; Hoeffler, 2017) .
While issues regarding the replicability of scientific research have been reported in multiple scientific fields including economics (Anderson et al., 2008; Dewald et al., 1986; Camerer et al., 2016) , systematic empirical evidence of the incidence of replication studies in economics and their determinants is scarce. 1 Considering the relevance and influence of economic research beyond academia-in a field like evidence-based policy making, for instance-as well as the increasing impact (measured by extramural citations) of empirical economic research on other scientific disciplines (Angrist et al., 2017) , there is a particular need to explore and understand the drivers of replication studies in economics. Such evidence is a necessary precursor for designing favorable boundary conditions for professional self-control and for promoting trust in the scientific enterprise (Anderson and Kichkha, 2017; McCullough et al., 2006) . A better understanding of the incidence and drivers of published formal replication studies is also important in light of recent predictions made by economic theory (Lacetera and Zirulia, 2011; Kiri et al., 2018) . For instance, in their game-theoretical analysis of high-quality scientific production, Kiri et al. (2018, p. 835) underline "that not only are scientific findings never complete or definitive and are always prone to improvement; but, also, that observing only apparently definitive or undisputed findings may be a sign of weakness of a scientific field rather than a proof of its solidity."
Here, we investigate formal, i.e., published, replication studies in economics by examining which and how many published papers are selected for replication and what factors drive replication in these instances. While there are also informal replication studies that are not published in scientific journals (especially replications conducted in teaching) and an increasing number of other forms of post-publication review (e.g., meta-analyses or discussions on websites such as PubPeer), these are not covered with our approach. The replication studies in our sample may differ in terms of (a) their results, i.e., they may negate or (partially) reinforce the results of the replicated article, and (b) the extent of replication (narrow or scientific). Narrow replication studies are typically entirely devoted to the replication of a particular result. By contrast, the replication work in scientific replication studies is often embedded in a broader analysis. Note that all replication studies in our sample, irrespective of the replication result and extent, have in common that their main purpose is to evaluate the accuracy of prior research, i.e., to replicate another article. We use metadata about all articles published in the top 50 economics journals between 1974 and 2014.
We find that replication studies are a matter of impact: high-impact articles and articles by authors from leading institutions are more likely to be replicated. Furthermore, our results suggest that the probability of a replication study being conducted is lower for articles published in the top five economics journals. We also find that mandatory data disclosure policies may have a positive effect on the incidence of replication. Finally, we discuss the implications of these results. Our results suggest that replication efforts could be incentivized by reducing the cost of replication.
Background: replication in economics
In 1982, the Journal of Money, Credit and Banking (JMCB) initiated the JMCB Data Storage and Evaluation Project (Dewald et al., 1986) . Within this project, the JMCB required authors to make the data and code used in their articles available to other researchers upon request. In a second part of this project, Dewald et al. (1986) conducted replications of nine articles for which the data was made fully available. 2 They were able to replicate the results of two articles in their entirety. Later, McCullough et al. (2006) tried to replicate 62 articles submitted to the same journal and could fully replicate the results of 14 articles. 3 Also, McCullough et al. (2008) tried to replicate 133 research articles published by the Federal Reserve Bank of St. Louis Review and could replicate 29. These results raised concerns with respect to the technical and factual reproducibility of empirical work in economics.
The debate surrounding Reinhart and Rogoff (2010) and the nonsupportive replications by Herndon et al. (2014) and Bell et al. (2015) further advanced the debate about replication in the field of economics. 4 The study by Camerer et al. (2016) , in which the authors attempted to replicate 18 studies published in two top economic journals-the American Economic Review and the Quarterly Journal of Economics-between 2011 and 2014 drew renewed attention to the issue of replicability in economics. The authors were able to find a significant effect in the same direction as proposed by the original research in only 11 out of 18 replications (61%). It should be noted, however, that the inability of researchers to replicate each other's results is well known from other disciplines (in biology, for example; Begley and Ellis, 2012) . In these disciplines, a single paper may be linked to a patent or a product in certain cases (Fehder et al., 2014; Gans et al., 2017; Murray and Stern, 2007) . 5 While replications for entire studies are rarely attempted, there is evidence for indirect forms of validation and informal replication. For example, Berry et al. (2017) assess the rate of replication for empirical papers in the 2010 American Economic Review and find that across 70 empirical papers, 29% have 1 or more citations that partially replicate the original result. While only a minority of the papers under scrutiny have a published replication, a majority (60%) have been subject to a replication, a robustness test, or an extension. In addition, Hamermesh (2017) examines the most heavily cited publications in labor economics from the early 1990s. He shows that many highly cited papers are replicated using data from other time periods and/or economies. Therefore, he suggests that the validity of the central ideas put forward by high-impact articles in labor economics have usually been tested. Finally, Fecher et al. (2016) examine replication efforts by the large community of users of the German Socio-Economic Panel Study (SOEP) and find that most replications are conducted in the context of teaching. These informal replications are usually not part of the published academic knowledge base and are therefore absent from the documentation of replication efforts.
Conceptual framework
In order to better understand the mechanics behind replication, it is helpful to review the different strands of literature on replicability in economics. Here we focus on research, impact, and competition, as well as costs of replication. We also distinguish between narrow and scientific replications in our examination of the incidence of replication studies (Baltagi, 2003; Dewald et al., 1986; Duvendack et al., 2015; Hamermesh, 2007; Hunter, 2001) . 2 From the first 54 data sets submitted to JMCB, 14 were judged incomplete.
For instance, the identification of the source of data was the most frequent problem in this respect. 3 From 186 empirical articles, 69 had entries in the data archive. Replication of seven articles was not possible because of confidentiality of data or lack of software. 4 Notably, Carmen M. Reinhart and Kenneth S. Rogoff facilitated the detection of their coding error by making the data available upon request to Thomas Herndon, Michael Ash, and Robert Pollin. In addition, Reinhart et al. (2012) provide an erratum to Reinhart and Rogoff (2010) where they correct their coding error. Reinhart et al. (2012) also address some of the methodology and exclusion issues raised by Herndon et al. (2014) . Finally, Bell et al. (2015) used Reinhart and Rogoff's data, made available by Herndon et al. (2014) , to reexamine the relationship between growth and debt in developed countries. Using a multilevel distributed lag model, Bell et al. (2015, p. 470 ) provide evidence for a reverse causal link "predominantly in the opposite direction to that mooted by Reinhart and Rogoff." 5 In addition, the scientific community has repeatedly experienced instances of misconduct and erroneous analyses (Lacetera and Zirulia, 2011; Azoulay et al., 2015) . The data fraud scandal concerning social psychologist Diedrik Stapel (Levelt et al., 2012) , Hwang's fraudulently reported breakthroughs in stem-cell research (Cyranoski, 2006) , or Schoen's entirely fabricated results on organic transistors in over 40 publications (Grant, 2002) are only the most prominent examples.
Impact, competition, and costs
Several authors relate replication to impact and competition. For example, Hamermesh (2007 Hamermesh ( , 2017 proposes that the probability that an individual will attempt a replication increases with the visibility of the published results that then become subject to replication. Furman et al. (2012) suggest that results from frequently cited articles generate more interest and scrutiny and-possibly due to a higher probability of replication-have a higher likelihood of retraction. There is also empirical evidence that replication is a matter of impact. Sukhtankar (2017) examined replication studies of empirical papers in development economics published in the top five and subsequent five general interest journals between 2000 and 2015. Of the 1056 articles, 57 (5.4%) were replicated in another published article or working paper. The strongest predictor of whether a study would be replicated or not is the article's Google Scholar citation count, followed by the year of publication (older articles are less likely to be replicated). Card and Della Vigna (2013) provide evidence that competition for publication in the top economics journals has significantly intensified over the last 50 years, i.e., the acceptance rate in the top economics journals has fallen from 15 to 6% between 1970 and 2012. The authors propose that due to increased competition, researchers have improved the quality of their work. Furthermore, journal editors can be more selective in choosing from a large number of submissions (Feigenbaum and Levy, 1993) . It is for this reason that the editors of JPE (1975 JPE ( , p. 1295 suggest that "(t) he true remedy (against careless empirical research) is to resort to the powerful force of competition." In a similar fashion, Lacetera and Zirulia (2011) argue that while referees examine the accuracy of submitted articles, it is ultimately the competitive environment that will lead to critical review and replication.
In a game-theoretical analysis of high-quality scientific production, Kiri et al. (2018) examine the role of top journals as quality certifiers. In particular, they explore the question of whether the reliability of published results is higher for more highly rated journals. The results of their analysis suggest that high-status journals will not publish lowquality papers because reputational mechanisms deter them from publishing articles of lower quality. In this scenario, the optimal strategy for a researcher is to first submit high-quality work to a top journal and only submit to second-tier journals after rejection from top journals. Even if this submission and publication strategy really does ensure the highest quality of articles, it also has important implications for potential replicators as they will never try to replicate articles published in a top journal. Kiri et al. (2018, p. 835 ) also show that "if journals can perfectly sort out the quality of papers, then the equilibrium in which a scientist exerts high effort (…) and no verification activities occur is sustainable." Notably, this result depends on the assumption of a perfect selection mechanism. While we do not believe that a perfect selection mechanism is possible, we argue that top five economics journals will be more likely to be able to assess the quality of papers. Based on this theoretical prediction, we therefore propose that articles published in top five economics journals are less likely to be eventually replicated. Dewald et al. (1986) and Hamermesh (2007) suggest that replication studies are more likely to be published when a central result of the original study is contradicted, e.g., they detect error or fraud, and that a replicator's main objective is to publish a correction or comment. On the basis of this strand of literature, we propose that competition in general and the news value of replication results in particular can serve as an explanation for the instances of replication studies in academic journals.
Another strand of literature focuses on the role of access to data and supplementary material for replication via mandatory data disclosure policies. Several authors suggest that data disclosure may enhance the quality of articles as it reduces the cost of checking empirical results and encourages more careful research (Frisch, 1933; Lacetera and Zirulia, 2011) . Dewald et al. (1986) suggest that data disclosure decreases the frequency and magnitude of errors in published articles. Analogously, the (effort) costs of replication can be considered an important factor for conducting replication studies. In their game-theoretical analyses of scientific fraud and high-quality scientific production, Lacetera and Zirulia (2011) and Kiri et al. (2018) suggest that the cost of replication is likely to be lower if data is made available under a data disclosure policy. In addition, the cost of replication is likely to be particularly high when confidential or self-created data used in an article is not made available under a data disclosure policy. Previous research in this area addressed the reluctance among scientists to make research data available (Andreoli-Versbach and Mueller-Langer, 2014; Haeussler, 2011; Savage and Vickers, 2009; Tenopir et al., 2011; Fecher et al., 2016) , poor data documentation in published research (Ioannidis, 2005) , and missing data availability policies in scientific journals Vlaeminck, 2013) . 6 In addition, we consider the incentives for researchers to engage in replication studies. Under the current scientific reward system, which depends heavily on article publication, a researcher would typically choose between allocating time to writing an original research article and conducting a replication study. According to Feigenbaum and Levy (1993, p. 217) , the optimization problem of the researcher "is dictated by the relative returns in citations yielded by original versus replication work, as compared to the relative time cost of the two alternative endeavors." Feigenbaum and Levy (1993) also suggest that the expected citation returns for replication studies are lower than those of original research articles. This provides an explanation why replication studies are rarely conducted. Or, as Dewald et al. (1986, p. 587 ) put it, "replication (…) does not fit within (…) the reward structure in scientific research." 7 However, under the aforementioned conditions, it will only be beneficial for a researcher to engage in replication studies if it is substantially less costly to produce them. Feigenbaum and Levy (1993) argue that the availability of data and code will decrease these costs. Recent evidence supports this theoretical prediction. Following their attempt to replicate 67 macroeconomic papers, Chang and Li (2017) suggest that it was substantially easier to replicate previously published findings when they were published in journals that have mandatory data disclosure policies. Furthermore, Chang and Li (2017, p. 63) conclude that "the most common cause of our inability to replicate findings was that authors did not provide files to the journal replication archives."
Finally, from the perspective of journals, Feigenbaum and Levy (1993) suggest that an editor's rationale for publishing replications of their own journal's articles differs from the decision to publish replications of another journal's articles. In particular, they suggest that a rational, citation-maximizing editor of a high-ranking journal may decline the publication of a replication study on an article published in her own journal anticipating that editors of lower-ranking journals, in expectation of positive citation effects, may still find it beneficial to publish this replication study. It is in this respect that the editor of a high-ranking journal "captures the citation externality without rewarding the replicator" (Feigenbaum and Levy, 1993, p. 223) .
Types of replication
Following Hamermesh (2007) , we distinguish between two types of replication studies: pure and scientific replication. In a pure replication (often also referred to as narrow replication), authors of a replication study use the same data and the same methods as the authors of the replicated article. 8 By contrast, authors of scientific replications use 6 See also Mueller-Langer and Andreoli-Versbach (2018) for a theoretical analysis of the welfare effects of universal mandatory data disclosure. 7 See also Kuhn (1970) and Wible (1991) . 8 For example, Zhang and Ortmann (2014, p. 415) provide a "replication of Engel's (2011) study using his data and statistical methods." different data and, possibly, different methods than the authors of the replicated articles. Following the taxonomy provided by Baltagi (2003) and the ReplicationWiki, 9 we consider three subtypes of scientific replications: (1) wide replications using different data but the same methods and models as the replicated article, 10 (2) replications using the same data but new methods and models, 11 and (3) replications using new data and new methods and models. 12 Hence, the extent of replication studies examined in the present study ranges from the extremes of pure replication on the one hand and scientific replication using new data and new methods on the other. Arguably, the different types of replication studies (scientific or pure) and the different purposes of replication, i.e., creation of new knowledge or mere checking of results, are relevant with respect to the question of where replication studies should be published or posted. For instance, one may argue that scientific replications should undergo the same quality assessment as regular journal articles. Therefore, scientific replications should be published in the regular issues or replication sections of peer-reviewed journals (Baltagi, 2003) . By contrast, sites such as RePEc, SSRN, arXiv.org, or ReplicationWiki appear to be suitable outlets for pure replications in which the mere checking of results is at the core of the replication effort. Replication journals such as the recently established International Journal for Re-Views in Empirical Economics appear to be suitable outlets for all types of replication studies. 13 Finally, we consider the replication result, i.e., we examine whether replication studies support or contradict prior published findings. 14
Optimal amount of published formal replication studies
In this subsection, we discuss the optimal amount of published formal replication studies in order to guide our empirical analysis. First, we put the subject under study, i.e., published formal replication studies, in the context of the economics of science. Second, we distinguish between informal and formal replication. Third, we discuss other mechanisms that help ensure the veracity of published scientific results.
Published formal replication studies in the context of the economics of science
Review and publication are the most important filter mechanisms in science. Our approach allows us to explore replication studies that are subject to these filter mechanisms, i.e., formal published replication studies. 15 The empirical analysis presented in this paper is closely related to a recent strand of theoretical economics literature exploring the incentives for researchers to conduct high-quality empirical work and the incentives for their peers to verify the reliability of previously published findings (Lacetera and Zirulia, 2011; Kiri et al., 2018) . 16 Notably, the observed number of published formal replication studies is the result of an equilibrium outcome of a series of incentives for researchers, editors, and potential replicators, i.e., readers. 17 To give an example, the incentives for a researcher to conduct a replication study will depend on the probability of detecting an error or fraud in previously published findings (Dewald et al., 1986; Hamermesh, 2007) , the impact of the article under scrutiny (Sukhtankar, 2017) , the cost of replication (Lacetera and Ziruli, 2011; Kiri et al., 2018) , and the willingness of editors to publish replication studies (especially those confirming a published result). The replicator's probability of finding something interesting will depend on the effort that the creator of original research has invested in careful empirical work. This effort will also depend on the probability that a published article will eventually be replicated. Finally, the cost of replication will depend on the editors' decisions whether or not to adopt data disclosure policies for published papers.
Prior theoretical literature aims at disentangling these potentially countervailing effects. For instance, in a game-theoretical model of the research and publication process, Lacetera and Zirulia (2011) explore the incentives for a researcher (henceforth, researcher) to commit scientific fraud and of another researcher (henceforth, replicator) to conduct a replication. In their model, the researcher decides to either engage in "radical" research that may result in a major scientific contribution or in "incremental" research that may result in a minor contribution to existing knowledge. Lacetera and Zirulia (2011) assume that the effort costs of the researcher are higher for major scientific contributions than for minor contributions to existing knowledge. They also assume that the replication costs of the replicator are higher for major contributions than for minor contributions. Their game-theoretical approach allows Lacetera and Zirulia (2011) to analyze the effect of policies aiming to facilitate replication, i.e., the extent to which such policies reduce the cost of replication through data disclosure policies, as well as their impact on incentives to commit scientific fraud and the probability of undetected fraud. 18 On the basis of the theoretical predictions of their model, Lacetera and Zirulia (2011) offer two important insights for empirical research regarding the optimal amount of published formal replication studies: first, the effect of the cost of replication on the carefulness of researchers, and second, criteria for suitable data samples.
With respect to replication costs, our data allows us to disentangle two potential drivers of published formal replication studies. Regarding the first driver, Lacetera and Zirulia (2011) propose that replication costs are higher for major novel results than for minor contributions to the literature. Arguably, the better the rank of the journal in which an article is published, the higher the probability that this article contains major novel results. This argument may be particularly valid for articles published in top five economics journals for the following reasons. First, publication of major novel results is one of the core objectives of top five journals because major results are-ceteris paribus-more likely to attract citations. Second, due to the fierce competition for publication in top five journals, editors can be more selective in choosing articles for publication from a large pool of good submissions. Third, top five journals are more likely to attract higher quality referees than other journals because refereeing for top five journals generates larger visibility and reputation effects for referees. By attracting higher quality referees whose main task is to assess the quality and novelty of 9 http://replication.uni-goettingen.de/wiki/index.php/Replication_in_ economics (last accessed 21 August 2017) 10 For example, see Taylor et al.'s (2010) wide replication of Hastings (2004) . 11 For example, Rock et al. (2000) use the same data as the respective replicated article (Bhushan, 1989) 15 Our approach does not allow us to make statements about informal replications that have not been published in journals. We discuss this aspect in more detail in Section 6. 16 See also Mirowski and Sklivas (1991) , Wible (1991) , and Feigenbaum and Levy (1993) for early theoretical analyses of replication, data disclosure, and the cost of replication. 17 We thank an anonymous referee for this comment. 18 Lacetera and Zirulia (2011) suggest that the "intuitive" result, i.e., a reduction of replication cost reduces the probability of undetected fraud, is only obtained if the researcher does not change the type of research. Notably, a reduction in replication cost does not necessarily result in a lower probability of undetected fraud. The underlying driver of this counterintuitive result is that a reduction in the replication cost may change the overall nature of the research and publication game as follows: A reduction in the replication costs induces the researcher to shift from incremental to radical research, which is more costly for the replicator to replicate.
submissions, editors of top five journals achieve a higher probability of publication of major novel results than editors of other journals. In our data, we take these aspects into account by including a binary variable for publication in a top five economics journal. 19 Regarding the second potential driver of published formal replication studies, Lacetera and Zirulia (2011) argue that empirical studies based on detected scientific misconduct only, i.e., studies based on cases of negative replication or retractions only, might suffer from bias in the sense that high-impact articles that generate more interest are also more likely to be subject to scrutiny from their peers and therefore might have a higher probability of retraction or negative replication. In particular, Lacetera and Zirulia (2011) suggest that a suitable data sample should also potentially include correct works, i.e., nonfraudulent works, in addition to flawed works in order to mitigate concerns related to the abovementioned bias. Our data sample satisfies this criterion because we consider both positively as well as negatively replicated articles in addition to nonreplicated articles while controlling for article impact (see Section 4).
Notably, prior game-theoretical works exploring high-quality scientific production and replication also offer important insights with respect to the optimal amount of replication (Lacetera and Zirulia, 2011; Kiri et al., 2018) . In particular, the optimal amount of published formal replication studies will strike a balance between the benefits and costs of replication while taking into account the incentives associated with science.
For instance, in terms of benefits of replication, Lacetera and Zirulia (2011) address the question of whether an increase in the recognition of replication studies may reduce the incentives for scientific misconduct. Lacetera and Zirulia (2011, p. 589f ) argue that the "limited recognition for replication works that characterizes the scientific community (…) can also be seen as a limit to the pressure to publish and compete with other scientists in a given field." In addition, they argue that a researcher making a radical contribution in any given field obtains a quasi-monopoly in that field as long as no attempts at replication are undertaken. Consequently, incentives for other scientists to engage in research in the same field may be reduced. Based on these arguments, the authors suggest that establishing higher incentives for replication may help to deter scientific fraud. However, an increase in the incentives for replication in order to make published works more reliable, e.g., the adoption of data disclosure policies, may come at the cost of slowing down the creation of novel scientific results (Lacetera and Zirulia, 2011; Mueller-Langer and Andreoli-Versbach, 2018) . 20 Kiri et al. (2018) come to the same conclusion in their theoretical analysis of high-quality scientific production in which the correctness of a new published result is endogenous to effort for careful empirical work. In addition, Kiri et al. (2018) suggest that the researcher's and replicator's private incentives and their social incentives are not necessarily well aligned. In particular, policies aimed at reducing the cost of replication, such as data disclosure policies, may have a negative impact on a researcher's incentives to start a new, potentially socially valuable project. Based on this theoretical prediction, Kiri et al. (2018) argue that the potentially countervailing effects of a reduction of the costs of replication may be taken into consideration when designing optimal replication policies.
Informal vs. formal replications
In terms of the benefits of replication, one may distinguish between (a) false results that are removed ex post from the cumulative body of knowledge and (b) higher incentives for careful empirical work ex ante (Kiri et al., 2018; Lacetera and Zirulia, 2011) . In this respect, it is important to distinguish between formal replication, i.e., formal published replication studies, and informal replication, i.e., replication in working papers or replication exercises in econometrics classes.
In terms of quality and reliability, note that the result of a replication is not necessarily correct and may, in turn, be subject to debate. 21 Arguably, replicators might be biased toward finding results that contradict previously published findings (Dewald et al., 1986; Hamermesh, 2007) . Therefore, one may argue that the most important filter mechanisms in science, i.e., review and publication, should not only apply to original research but also to replication studies. By contrast, one may also argue that the time lag between the publication of an article in a journal and a potentially negating replication study should not be too long so that false knowledge can be removed from the cumulative body of knowledge in due time. In order to take this aspect into account, we control for the time lag between the publication of an article in a journal and publication of the respective replication study in our empirical analysis.
In terms of visibility of replication, note that publication of a replication study in a journal is likely to increase the visibility of the replication. For instance, Coffman et al. (2017, p. 44) claim that "replication work (…) needs the visibility afforded by top journals." This aspect is particularly important in light of recent empirical findings that authors are typically very unsure about whether or not a paper has been subject to a replication study (Berry et al., 2017) . Arguably, an increase in the visibility associated with publication in a top journal will increase the probability that the abovementioned benefits of replication are achieved. For instance, readers will not be aware of a negative replication if it is only part of a classroom exercise. In addition, replication work presented in a working paper will be less visible for the readers, including the replicated authors, than replication work presented in a formal published replication study. Notably, recent initiatives to collect and spread information on replication studies, such as the ReplicationWiki or the Replication Network, may help to mitigate some of these concerns in terms of visibility.
However, regarding the ex post effects of formal published replication studies, note that actual replication has to take place on a case-by-case basis, i.e., a single negating replication study typically negates the results of a single article. By contrast, regarding the ex ante effect of replication, note that a credible threat of replication could have an impact on a larger scale. The ex ante effect of replication is particularly important because, as pointed out by Lacetera and Zirulia (2011) , neither the editors nor the referees of journals are expected to check for misconduct.
A sufficient level of formal published replication studies is required for replications to constitute a credible threat. For instance, consider a researcher who channels her efforts into a new empirical research project. Thereby, she faces the trade-off between the private benefits and costs of careful empirical work (Lacetera and Zirulia, 2011; Kiri et al., 2018) . For instance, assume that the private benefits of carefulness are given by citations of the published article. Following Feigenbaum and Levy (1993, p. 219) , in terms of citation streams, "an original article can die a violent death upon the publication of a negative replication." It is in this respect that the researcher's cost resulting from the publication of a negative replication study can be interpreted in terms of foregone citations. 22 Arguably, under these conditions there is a minimum level of expected foregone citation streams due to the publication of a negative replication that is needed for negative replication to constitute a credible threat. 23 19 We also include the impact factor of journals in which replicated and nonreplicated articles are published. 20 Lacetera and Zirulia (2011) also suggest that replication is sensitive to a free rider problem because replication costs are borne by the individual, whereas the benefits of replication are social. 21 See, for instance, Gilbert et al. (2016) 's critical assessment of a replication study in psychology (Open Science Collaboration, 2015) . 22 This provides an explanation for the observation that the authors of original work frequently perceive replication attempts as hostile (Mirowski and Sklivas, 1991; Maniadis et al., 2015) . 23 To illustrate this point, consider the following two extreme cases. First, assume that expected foregone citations equal zero because the incidence of negative replication equals zero. In this case, a formal published replication study does not constitute a credible threat. Second, assume that the probability 3.3.3. Other mechanisms to ensure the veracity of published scientific results Finally, it is important to note that there are other mechanisms than formal published replication studies that may help to ensure the veracity of published scientific results. First, in pre-analysis plans, researchers specify and register a fixed plan of how to collect and analyze the data before a project begins (Coffman and Niederle, 2015) . While a pre-analysis plan aims at minimizing the researcher's flexibility over the econometric approaches and specifications, it may fail to solve the problem of false positives as indicated by recent evidence on discontinuities around p-values of 5%, for instance (Brodeur et al., 2016; Coffman et al., 2017) . Due to the large number of publications and researchers' bias toward finishing and publishing positive findings, the problem of false positives is likely to persist (Coffman and Niederle, 2015; Franco et al., 2014; Ioannidis, 2005) . In light of these findings, Coffman et al. (2017, p. 41) suggest that "a solution is required to try and separate what is true from what is not after a paper is disseminated: replication."
Second, hypothesis registries are typically publicly available databases in which all attempted projects, i.e., published and unpublished works for a given class of hypotheses, are listed. These registries aim at mitigating the problem that statistically insignificant results remain unpublished. However, Coffman and Niederle (2015, p. 90) suggest that hypothesis registries "would not necessarily increase the probability that a published result is true." Notably, Coffman and Niederle (2015) stress the important function replications serve as an effective mechanism to identify false positives in their comparative analysis of preanalysis plans, hypothesis registries, and replications.
Third, meta-analysis is another mechanism alongside replication that serves the goal of research synthesis (Anderson and Kichkha, 2017; Cooper and Hedges, 2009; Cooper, 2017) . Articles that adopt meta-analysis techniques typically draw conclusions by combining the results from a set of empirical works. Comparing replications and meta-analysis, Anderson and Kichka (2017, p. 58) challenge the statistical consistency of metaestimates on the grounds that (1) "meta-analysis delivers correlation," (2) "significance of variables in meta-analysis does not signal important directions for further research," and thus (3) "meta-analytic explanatory variables will become endogenous" when researchers derive directions for future research from meta-analytical studies.
Data and variables
The period under study is 1974 to 2014. We obtain our sample from the population of all articles published in the top 50 economics journals (in total, 126,505 articles). From these 126,505 articles we identified 130 published replication studies, i.e., 0.10% were replication studies. Following Duvendack et al. (2015) , we categorized a published journal article as a replication study if its main purpose is to test the reliability of a previously published study. 24 Consequently, this definition does not include original research articles in which indirect replication, e.g., an initial "sanity check" to test the validity of a data set, either does not occur at all or does occur but is not the main purpose of an article. In particular, while the narrow replications under study are typically entirely devoted to replication, the replication works in the scientific replications under study are embedded in a broader analysis. However, the testing of a previously published result always plays the main role in all replication studies under study.
Having identified 130 published replication studies, which is consistent with prior research on the frequency of published replication studies in economics, 25 we then identified the respective journal articles (henceforth, replicated articles) that were eventually replicated. In order to study differences between replicated and nonreplicated articles, we selected all articles published in top 50 economics journals that contained at least one replicated article. Our sample thus consists of 1243 articles, 130 of which were replicated. Including nonreplicated articles from the same journal issues allows us to control for latent effects at the level of journal issues while keeping the data collection effort manageable. Note that our approach only covers instances of formal replications, i.e., replication studies published in journals. Informal replication studies that are not published (e.g., replication efforts that are conducted in teaching or are part of an initial step in a research project) are not covered (see also Section 6.1).
Data and sample creation
We followed two distinct strategies in order to identify replication studies. First, we considered Web of Science (WoS) metadata for all articles published in the top 50 economics journals (126,505 articles). We retrieved information on the titles and abstracts of the 126,505 articles under study from WoS. We used this information to count, for each article, how often indicative key (stem) words such as "repli*," "reexamin*," "comment," "revisit," "retesting," or "reappraisal" (among others), as well as references to other articles, appear in its title and abstract. 26 Both the frequency and the location of these key words allowed us to determine the likelihood of the article being a replication study for all articles under study. To illustrate this point, an article that contains "repli*," "retesting," or "note" in the title and contains a reference to another article in the abstract-indicated by "(19*)" or "(20*)"-has a high likelihood of being a replication study. 27 We ranked all articles in terms of their likelihood of being a replication study. 28 We (footnote continued) of publication of a negative replication equals one. This leads to the maximum level of expected foregone citations. In fact, if the negative replication is immediately published, i.e. it is published before the original article receives its first citation, a citation-maximizing researcher may not have an incentive to conduct empirical research in the first place. Formal negative replication constitutes a credible threat in this case. Arguably, the minimum level of expected foregone citation streams due to the publication of a negative replication study needed to achieve a credible threat will lie between these two extremes. 24 See also Section 3.2, where we define replication type (pure or scientific),
and Section 4.1, where we define replication result (negating or reinforcing). 25 Notably, Duvendack et al. (2015) also identified published replication studies in economics. They used (a) keyword searches in Google Scholar and in all 333 economics journals listed in WoS, (b) entries in the ReplicationWiki, (c) suggestions from editors and (d) their own collections of replication studies. They then performed a more systematic search within the top 50 economics journals. Overall, Duvendack et al. (2015) found 162 published replication studies in the economics literature. The number of replication studies in our sample (130) is lower than the one in Duvendack et al. (2015) for the following reason: In our sample, the replication studies and respective replicated articles are both published in the top 50 economics journals according to WoS impact factors. By contrast, Duvendack et al. (2015) also consider replication studies published in the 283 WoS-listed economics journals that have a lower impact factor. 26 Initially, we used a vector of 100 key words, which was finally reduced to a vector of 70 stem words to avoid double entries. For instance, we used the stem word "repli*" for both keywords "replication" and "replicable" or "reexamin*" for "reexamination" and "reexamine," respectively. 27 However, our filtering algorithm also identifies comments and other publications that only use adjectives (and their stem words) such as "original" or verbs like "re-examine" in the abstract. 28 We used the information obtained from the previous counting exercise to determine this ranking by journal as follows: First, we counted how often the 70 key stem words appear in the title and abstract of any given article in any given journal. Second, for any given journal, we ordered the articles according to the accumulated appearance of these key stem words. To illustrate this point, we consider the results of the ranking for the American Economic Review. Iversen and Söderström (2014) is ranked 2 nd in terms of probability of being a replication study. The word "comment" appears in the title of the paper. In addition, stem words such as "comment," "correct*," or "(20*," appear in its abstract. By contrast, in Sheshinksi (1971) , which is ranked 100 th in terms of being a replication study, only the key word "note" appears in the title.
studied the 100 highest ranking articles in each journal in detail in order to identify replication studies. In addition, we included all eligible replication studies published on the website of ReplicationWiki 29 in our data set. We then identified the respective journal article that was eventually replicated. 30 For the analysis, we only considered empirical research articles and removed purely theoretical articles. We defined a purely theoretical article as an article that does not use any data. We searched for summary statistics and statistical tables in the PDFs in order to distinguish between empirical and purely theoretical articles.
We studied all replication studies to determine whether they either negate or (partially) reinforce the replicated article. Prominent examples of the former-in two separate authorship teams-are Foote and Goetz's (2008) and Joyce's (2009) non-supportive replications of Donohue and Levitt's (2001) results on the association between the abortion rate and age-specific crime rates. Foote and Goetz (2008) identify a coding error in the concluding regressions that has a substantial impact on the main results obtained by Donohue and Levitt (2001) . Foote and Goetz (2008, p. 407 ) acknowledge that the "paper could not have been written without the assistance of John Donohue and Steven Levitt, who made their original data and programs available on the Internet and who supplied us with their new data and programs as soon as they became available." This highlights the potential value of the disclosure of data and code to replication, particularly for highprofile results. In addition, Joyce (2009, p. 112 ) provides empirical evidence "that there is no association between abortion and age-specific homicide rates or age-specific arrest rates for murder." 31 In another example, Dyl and Maberly (1986, p. 1149 ) negate Cornell's (1985) results on the weekly pattern of stock returns indicating the following: "(…) In an attempt to resolve this puzzling inconsistency, we replicated Cornell's study for the period from May 3, 1982, through July 24, 1984. We were unable to duplicate his results." In a more recent example, Abrevaya and Puzzello (2012) negate Adda and Cornaglia's (2006) empirical findings on the compensatory behaviour of smokers when cigarette taxes increase. Abrevaya and Puzzello (2012, p . 1760) conclude that "(i)n this comment, we have re-examined this claim by AC and find little systematic evidence to support it." To give an example for a reinforcing replication study, consider Gerdtham et al. (1999, p. 117) , who aim "to validate Wagstaffs and van Doorslaer's approach of constructing a continuous health measure" and whose "results (…) support the validity of the WvD method." 32 In addition, Hung and Plott (2008, p. 1518) reinforce Anderson and Holt's (1997) results on information cascades in the laboratory and conclude the following: "The results of Anderson and Holt replicate (Result 1). In our experiments we observe the phenomena they report."
Among the top 50 economics journals (according to the WoS impact factor), 23 had published at least one replicated article in the past. 33 We retrieved article metadata from WoS, i.e., publication date, number of references, pages and authors, and journal information. We gathered information on the rank position of the institutions that the authors are affiliated with from the Ranking Web of Universities 2014 and obtained author citation metrics from Scopus. Following Andreoli-Versbach and Mueller-Langer (2014), we identified which journals have data disclosure policies as well as the first volume in which the policy was adopted in order to identify articles that are subject to a data disclosure policy.
Funding bodies may require authors to make data or program code available. Therefore, we also analyzed the funding guidelines of 36 research funding bodies across the globe regarding their data management policies. To this end, we randomly selected 27 public funding bodies from the 15 countries with the highest public expenditure for research according to the OECD (2016). We added nine funding bodies that are not necessarily public but that support noncommercial research (e.g., Bill and Melinda Gates Foundation), that are international (e.g., the European Commission's Horizon 2020), or that are from countries that are too small to appear in the list of top funding countries (e.g., the Swiss National Science Foundation). In addition to screening the websites manually for guidelines, we contacted every funding body in our sample via email in two waves and asked for relevant documents. Twenty funding bodies replied to our information request. We were able to gather the guidelines from all 36 funding bodies. We treated the guidelines as textual data and code if they mention data management, replication studies, and if they specify where and how data should be stored, its terms of access (e.g., on request or public), and documentation standards. From the 36 guidelines under study, 22 (61%) mention data sharing; 19 (53%) specify how or where to publish data; 34 20 (56%) mention data documentation; 16 (44%) require data management plans; and 20 (56%) mention an embargo period for data in which the principal investigator has exclusive rights to access the data and use it in empirical articles. Notably, none of the funding bodies under study has an explicit replication policy. Table 1 provides an overview of the dependent and independent variables used in our study. 35
Variables

Dependent variable
The dependent variable, ReplicatedArticle, is a binary variable indicating whether the article under study was eventually replicated. This variable measures the joint likelihood of a replication being undertaken and then being published. Merely analyzing the incidence of replication studies being undertaken (measurable by replications described in discussion papers or other prepublication media) would not capture the most important filter mechanism in academic communication: review and ultimate publication. We obtained ReplicatedArticle by identifying replication studies published in the top 50 economics journals and the respective replicated articles published in these journals. Fig. 1 shows that the total number of journal articles increased at a slightly higher rate than the total number of published replication studies. It is also noteworthy that the share of published replication studies from the total number of journal articles per year never exceeds 0.26% in the period between 1974 and 2014. From our sample, we also estimate that the share of empirical articles increased from about 73% in 1975 to about 80% in 2010 (Fig. 2) .
Replication studies may negate or (partially) reinforce the results of the replicated article. 61 of the 130 replication studies under study are negating (partially reinforcing: 69). In addition, 102 of the 130 replication studies under study, i.e., 78.5%, are published in the same journal as the respective replicated articles. 52.9% of the 102 replicated articles with replications in the same journal are positively replicated (negatively replicated: 47.1%). The impact factors of journals publishing positive and negative same-journal replications are, on average, very similar (positive: 3.2; negative: 3.3). In terms of positive versus negative replication, a similar picture emerges for the 28 replicated 29 http://replication.uni-goettingen.de/wiki/index.php/Main_Page (last accessed 30 January 2017) 30 We provide an overview of the replication studies and respective replicated articles in the supplementary materials. 31 See also Joyce (2004) , Donohue and Levitt (2004) and Fryer et al. (2013) . 32 See Wagstaff and van Doorslaer (1994) . 33 Appendix 1 provides on overview of the journals under study, year of enactment of mandatory data disclosure policies, and number of publications. 34 For instance, 12 guidelines (33%) indicate that data from funded projects should be stored in a public repository, while 2 (6%) mention that data needs to be made available upon request. 35 Appendix 2 provides a correlation matrix for the dependent variable and main variables of interest.
articles of which a replication study is published in a different journal (positively replicated: 53.6%; negatively replicated: 46.4%). We then considered what fraction of these 28 different-journal replication studies is published in higher ranking (and lower ranking) journals than the respective replicated article. Of the different-journal replications, 32.1% are published in higher ranking journals and 67.9% in lower ranking journals, respectively. Finally, we distinguished between two main types of replication studies and replicated articles. First, narrowly (or purely) replicated articles are eventually replicated using the same data and code. 20 articles under study are narrowly replicated articles. Second, 107 articles under study are scientifically replicated articles. This type of replicated article comprises widely replicated articles (new data but same method: 29 articles), articles that are replicated using the same data but new methods (48 articles), and articles that are replicated using new methods and new data (30 articles). 36
Independent variables
We distinguished between the main variables of interest and control variables by indicating article, author, journal, and institutional characteristics (see Table 1 ).
Regarding the main variables of interest, CitesPreReplication indicates the total number of citations of replicated and nonreplicated articles in the same issue one year prior to the publication of a replication study. To illustrate this point, consider the replication study by Couch and Placzek (2010) of Jacobson et al. (1993) . Total citations one year before the publication of this replication study are given by the cumulative citations generated from 1993 to 2009 (241 in this case). Arguably, replicated articles may attract more citations prior to the publication of a replication study if there is a longer time lag between the publication of the article and the publication of the respective replication study. LagReplication measures this time lag in years. Table 2 provides extended descriptive statistics on CitesPreReplication and LagReplication by subgroup while distinguishing between replicated and nonreplicated articles. The descriptive statistics indicate that prior to replication, replicated articles attracted more citations than nonreplicated articles for virtually all subgroups. 37 Replicated and nonreplicated articles published in the top five journals attracted more total citations (by a factor of four) than articles published in other top 50 journals. In addition, the time lag between the publication of an article and the respective replication study is significantly longer for top Notes: In the regressions, we also include dummy variables for publication year intervals, i.e. , 1970-1974, 1975-1979, …, 2010-2014 , and journal dummy variables (variables not reported in Table 1 ). Articles under study fall into one of the following Business & Economics research areas according to WoS: General (76.4%), Mathematical Methods (10.2%), Environmental Sciences (3.6%), Health Care Sciences (0.9%) or Transportation (0.01%). WoS assigns the same research area to all articles in any given journal. By including binary journal variables in the regressions, we therefore control for WoS research areas. Fig. 1 . Total number of published replication studies by publication year (as indicated by the vertical axis on the left-hand side) and of all journal articles by publication year (vertical axis on the right-hand side). Fig. 1 suggests that the total number of journal articles increased at a slightly higher rate than the total number of published replication studies. Sample: All articles published in the top 50 economics journals (according to WoS) between 1974 and 2014 (including 130 published replication studies).
Fig. 2. Total number of empirical and purely theoretical articles by publication
year. Sample: All empirical and purely theoretical articles in issues of top 50 economics journals that contained at least one replicated article. Recall that purely theoretical articles are excluded from our main sample of 1243 empirical articles that we use in the regression analysis. Here, we refrain from excluding 445 purely theoretical articles. We use the lowess command in STATA, which performs locally weighted scatterplot smoothing (Cleveland, 1979) . We refrain from displaying the three scatterplots to improve the readability of the figure. 36 We refrained from coding three particular replication studies (Salas and Raftery, 2001; Lee, 2008; Fraas and Lutter, 2012) as either pure or scientific because they examine the econometric approaches adopted in the respective replicated articles theoretically without using either the same or new data as the replicated articles. 37 The two only subgroups in which nonreplicated articles attracted slightly more citations than replicated articles are SelfCreatedData=1 and Pyear80=1.
five journals (6.71 years) than for other top 50 journals (3.64 years). Replicated and nonreplicated articles by authors affiliated with a top 50 university attracted more citations on average than articles by authors affiliated with lower ranked universities. While we obtain similar results for articles that received external research funding, the opposite is true for articles published in conference proceedings. The quality of a journal is given by the impact factor recorded by WoS in 2014, ImpactFactor. We include a dummy variable, Top5Journal, identifying articles published in one of the top five economics journals according to Card and DellaVigna (2013) , i.e., American Economic Review, Econometrica, Journal of Political Economy, Quarterly Journal of Economics, and Review of Economic Studies. For single-authored papers, Top50University indicates that the author is affiliated with a top 50 university according to the Ranking Web of Universities 2014. For papers with multiple authors, it indicates that the author from the highest ranked university of all authors is affiliated with a top 50 university. MandatoryDisclosure is a binary variable indicating whether an article is subject to a mandatory data disclosure policy. It is equal to zero for articles published in journals without mandatory data disclosure. It is also equal to zero for articles published in journals with a data disclosure policy if the article was published in a volume before the policy was enacted. It equals one for articles published in the volume of enactment and all subsequent volumes. DataOrCode is a dummy variable indicating whether the data or program code used in an article are available on the journal website. For instance, journals with mandatory data disclosure policies typically provide a link to the data and program code together with the PDF of the article. 38 As for the control variables, SelfCreatedData is a dummy variable indicating whether the data used in an article is self-created (in contrast to archived data, which is re-analyzed), e.g., via laboratory or field experiments, surveys, or interviews. In order to make this classification, we read all articles in detail. Publications that exclusively use publicly available data, e.g., census data, did not qualify as articles using selfcreated data. We read all explanatory notes in order to determine whether the data used in an article was confidential or proprietary to generate the dummy variable ConfidentialData. ProceedingsArticle is a binary variable indicating whether articles were published in conference proceedings. References and Pages are defined as the total number of references and pages. Authors indicates the number of authors. To control for author quality, we created the variable BestH, which indicates the h-index of authors of single-authored articles or the highest h-index of all co-authors in the case of multi-authored articles, respectively. Funded is a dummy variable indicating whether an article received third-party funding. 39 FunderDataSupport is a variable ranging from 0 to 5 that indicates the number of data policies and data management tools that external research funders provide to the authors they support. This variable can be thought of as the extent to which external funders have policies that facilitate data availability. 40 We also created binary variables indicating the time of publication in five-year intervals (henceforth, year dummies). Finally, according to WoS, articles under study fall into one of the following Business & Economics research areas (not reported in Table 1 ): General (76.4%), Mathematical Methods (10.2%), Environmental Sciences (3.6%), Health Care Sciences (0.9%) or Transportation (0.01%). Notably, WoS assigns the same research area to all articles in any given journal. By including 38 Journals with such a policy typically follow the mandatory data disclosure policy of the American Economic Review, which states: "Authors of accepted papers that contain empirical work, simulations, or experimental work must provide to the Review, prior to publication, the data, programs, and other details of the computations sufficient to permit replication. These will be posted on the AER Web site." 39 We retrieved this information from the acknowledgment sections of the articles under study and from WoS article metadata. In our sample, the five most frequent funding bodies in terms of articles funded are the National Science Foundation (12.6% of all articles), Economic and Social Research Council (1.9%), Social Sciences and Humanities Research Council of Canada (1.5%), Medical Research Council (0.5%), and Leverhulme Trust (0.5%). 40 Appendix 3 provides an overview of the data guidelines of the funding agencies under study. F. Mueller-Langer et al. Research Policy 48 (2019) 62-83 binary journal variables in the regressions, we therefore control for WoS research areas.
Empirical results
We begin by reporting descriptive results on the prevalence and enforcement of mandatory data disclosure policies of journals. We then perform probit regressions to examine the article-level correlates of the probability that a journal article is eventually replicated.
Enforcement of mandatory data disclosure policies
In our sample, nine of the 23 journals under study have a mandatory data disclosure policy (see Appendix 1). Notably, two explicit replication policies (JPE and Labour Economics) were suspended, according to the editors, due to a lack of interest in replication studies (Hamermesh, 2007) . Moreover, 286 of the empirical articles under study are subject to a mandatory data disclosure policy, i.e., they were published after the data policy was introduced. Notably, the data sets or program codes used in articles are available on the respective journal website for 183 of these articles (63.9%). Out of the 286 articles that are subject to a mandatory data disclosure policy, we identified one article for which the data or program code was not available because it was proprietary (which leads to an exemption from disclosure). This suggests that for 35.7% (102) of the 286 empirical articles subject to mandatory data disclosure policies, the data or program code was not available even though the data was not proprietary. This result raises concerns regarding the enforcement of mandatory data disclosure policies. Fig. 3 illustrates the total number of articles published under a mandatory data disclosure policy and the total number of articles published under a mandatory data disclosure policy that is not strictly enforced. This suggests that both numbers increase over time and that for a large share of journals, mandatory data disclosure policies are announced but not always enforced or monitored.
However, these findings should be interpreted with caution given the relatively small number of observations.
Empirical analysis of replication studies
To examine the article-level correlates of the probability that a journal article is eventually replicated, we run probit (and OLS) regressions as given by: prob(ReplicatedArticle) = β 1 · ProceedingsArticle + β 2 · LogReferences + β 3 · LogPages + β 4 · Authors + β 5 · LogBestH + β 6 · SelfCreatedData + β 7 · ConfidentialData + β 8 · Funded + β 9 · FunderDataSupport + β 10 · LogCitesPreReplication + β 11 · LogLagReplication + β 12 · Top5Journal + β 13 · LogImpactFactor + β 14 · Top50University + β 15 · MandatoryDisclosure + β 16 · DataOrCode.
We also include journal and year dummy variables. Note that author citation metrics are not available for 18 out of 1243 observations. We use log transformations in the regressions. As some researchers have an h-index of zero, we define LogBestH = log(LogBestH + 1). We follow the same procedure for LogReferences. We compute robust standard errors clustered at the journal level. All specifications reported in this paper are straightforward modifications of this baseline specification.
Full sample analysis
We run our regressions with nine different specifications as reported in Table 3 . In specification [1], we consider control variables (article, author, and institutional characteristics), journal dummies, and year dummies. 41 Table 3 does not report marginal effects of the control variables (Appendix 4 provides the full version of Table 3 ). For all specifications, we provide the Wald test statistics from the probit regressions for the control variables, journal dummies, and year dummies at the bottom of the table. We include the log of total citations before publication of a replication study and the log lag between the publication of replicated articles and of the respective replication studies in specification [2] to examine the effect of article impact on the replication probability. In specification [3], we include the top-five-economics-journal dummy variable and the log of the journal impact factor to account for the effect of journal quality on the probability of replication. In specification [4], we add the affiliation with top 50 universities. We include the binary variable for mandatory data disclosure in specification [5] to examine the impact of the existence of mandatory data disclosure policies on the replication probability. In specification [6], we include the binary variable for actual data or code availability. We separately include MandatoryDisclosure and DataOrCode in columns [5] and [6] because of their high correlation (0.69; see Appendix 2). 42 In column [7], we examine articles published in issues that contain at least one scientifically replicated article. 43 Finally, we examine the subsamples of journal articles published in issues with at least one negated replicated article (reported in column [8] ) and at least one (partially) reinforced replicated article (reported in column [9] ).
The results reported in Table 3 provide empirical evidence that the impact of journal articles, which is measured in citations, positively affects the probability that they are eventually replicated. If not stated differently, we henceforth report marginal effects at the means. For the binary Fig. 3 . Prevalence and enforcement of mandatory data disclosure by publication year. The vertical axis shows the total number of articles subject to a mandatory data disclosure policy (indicated by the dotted line) and the total number of articles subject to a mandatory data disclosure policy that is not strictly enforced (indicated by the solid line). Fig. 3 suggests that both numbers increase over time and that for a large share of journals, mandatory data disclosure policies are announced but not always enforced or monitored. We use the lowess command in STATA, which performs locally weighted scatterplot smoothing (Cleveland, 1979) . We refrain from displaying the two scatterplots to improve the readability of the figure. 41 In the regressions, we specify all dummy variables as factor variables because the margins command in Stata would otherwise treat these binary variables as continuous (Williams, 2012) . In addition, we omit the factor variables for the top five journals to avoid collinearity with Top5Journal. 42 The high correlation reflects that authors of articles published in journals with mandatory data disclosure policies are more likely to make their data and code available. Results are qualitatively unchanged when we include both variables in column [5] . In particular, effects of both variables remain insignificant. Our results are also virtually the same when we run the regressions separately for the subsample of articles that fall under the WoS research area "Business & Economics: General". 43 We refrain from running the regressions separately for the subsample of articles published in issues that contain at least one narrowly replicated article because of the low number of narrowly replicated articles in our sample (20).
independent variables under study, the marginal effect at the means shows how an article's probability of replication changes as the binary variable changes from 0 to 1 while holding all other independent variables at their means (Williams, 2012) . Regarding the interpretation of the marginal effects of log-transformed variables, note that an increase of 1 in a logtransformed (continuous) variable corresponds to multiplying the variable by e = 2.718. This corresponds to a 171.83% change in the variable. For the full sample analysis reported in columns [1] to [6] , the marginal effects at the mean of LogCitesReplication range from 0.053 to 0.056 and are statistically significant at the 0.1% level across all specifications. 44 Hence, an increase in citations before publication of a replication study by about 170% is associated with an increase of the replication probability by about 5.3 to 5.6 percentage points. To illustrate this point, if citations before the publication of a replication study increase by 171.83% from 20.89 (i.e., the mean for the full sample, see Table 1 ) to 56.79, the replication probability increases by 5.3 to 5.6 percentage points. Recall that the mean replication probability is 10.5% for our sample (see Table 1 ). Therefore, one may argue that an increase in the replication probability by more than five percentage points reflects an important magnitude.
In addition, the log lag between the publication of the replicated articles and of the respective replication studies negatively affects the probability of replication. This effect is statistically significant at the 0.1% level across specifications. For the full sample analysis reported in columns [1] to [6] , an increase in logLagReplication by one unit is associated with a decrease in the replication probability by 10.0 to 10.6 percentage points. 45 To illustrate, if the lag between publication of the replicated article and the respective replication study increases by 171.83% from 4.85 years (i.e., the mean for the full sample, see Table 1 ) to 13.18 years, the replication probability decreases by 10.0 to 10.6 percentage points. Interestingly, the effect of LogLagReplication is larger in magnitude than that of LogCitesPreReplication. This indicates that articles initially published longer ago are less likely to be the subject of a published replication study, irrespective of their citation performance.
Our analysis further suggests that articles published in top 5 journals are less likely to be eventually replicated. The marginal effects of 44 We obtain similar results for the subsample analyses reported in columns
[7] to [9] . The marginal effects at the mean of LogCitesReplication range from 0.040 to 0.067 and are statistically significant at the 0.1% level across all specifications. 45 For the subsample analyses reported in columns [7] to [9] we obtain similar results. An increase in logLagReplication by one unit is associated with a decrease in the replication probability by 7.3 to 14.2 percentage points.
Top5Journal are negative and statistically significant at least at the 1% level across specifications. The only exception is the negative, statistically insignificant marginal effect of Top5Journal reported in column [8] . Our results for the full sample analysis reported in columns [1] to [6] suggest that publication in a top 5 journal is associated with a decrease in the replication probability by 8.1-9.6 percentage points. Taking into account the mean replication probability for our sample, i.e., 10.5%, we argue that a decrease in replication probability by more than 8 percentage points reflects an important magnitude. The marginal effects of LogImpactFactor are also negative but statistically insignificant across specifications. The only exception is the negative, statistically significant marginal effect of LogImpactFactor reported in column [7] . 46 For the full sample analysis reported in columns [2] to [6] and for column [8] , the marginal effects of Top50University are positive but statistically insignificant. For the subsample analysis reported in columns [7] and [9], however, we find that the marginal effects of Top50University are positive and statistically significant at the 5% level. The latter results suggest that journal articles by authors from higher ranked institutions have a higher incidence of replication in both scientific and reinforcing replication studies.
Finally, in the full sample analysis reported in columns [5] and [6], we find no significant effect of MandatoryDisclosure or DataOrCode on the probability of replication, respectively. We further explore this nexus in the following subsample analysis.
Subsample analysis: Articles published in or after 2004
It is important to note that, while the period under study is 1974 to 2014, disclosure of data and code is a relatively new phenomenon. For instance, Econometrica and the AER are the first journals in our sample to adopt a mandatory data disclosure policy in 2004 and 2005, respectively (see Appendix 1). Therefore, we run the regressions separately for the subsample of articles published in or after 2004. Results are reported in Table 4 , where we include MandatoryDisclosure in columns [1] to [3] and DataOrCode in columns [4] to [6] . In columns [2] and [5], we refrain from including Top5Journal. Instead, we include a dummy variable for AER publication, AER_Publication. In columns [3] and [6], we include AER_Publication and its interaction with Manda-toryDisclosure and DataOrCode, respectively. We include the AER interaction to address concerns that our results are driven by a single journal. For instance, 35 of the 130 replicated articles under study are published in the AER. In addition, 254 of the 286 articles published under a mandatory data disclosure policy are AER articles.
Comparing Table 4 with columns [1] to [6] from Table 3 , we can see that the results on LogCitesReplication, LogLagReplication, and Top5-Journal remain qualitatively unchanged. In addition, the results on LogImpactFactor remain qualitatively unchanged except for columns [1] and [4] .
In contrast to the results reported in Table 3 , we find evidence for a positive effect of mandatory data disclosure polices on the probability of replication in the subsample of articles published in or after 2004. The marginal effect of MandatoryDisclosure is statistically significant at the 0.1% level in columns [1] and [2] ranging from 0.043 to 0.064. Our results suggest that publication in a journal is associated with an increase in the replication probability by 4.3 to 6.4 percentage points if the journal has a mandatory data disclosure policy. The marginal effect of MandatoryDisclosure remains statistically significant at the 0.1% level and is similar in magnitude (i.e., 4.5 percentage points) when we include the interaction of MandatoryDisclosure with the AER dummy in column [3] . Arguably, an increase in the replication probability by more than 4 percentage points reflects an important magnitude. Overall, our results suggest that mandatory data disclosure policies may decrease the cost of replication, thereby increasing the probability of replication.
We do not find evidence for a positive effect of data or code availability on the replication probability in columns [4] and [5] . However, once we include the interaction of DataOrCode with the AER dummy in column [6] , the marginal effect of data or code availability on the replication probability (i.e., 9.3 percentage points) is statistically significant at the 1% level, while the effect of the interaction term is negative and statistically significant at the 1% level.
Finally, we find evidence for a positive effect of Top50University on the replication probability. The marginal effect of Top50University is statistically significant at the 1% level across columns ranging from 0.030 to 0.033. This result suggests that the replication probability is 3.0 to 3.3 percentage points higher for articles by authors affiliated with a top 50 university.
Robustness
We also perform linear probability regressions for robustness. Table 5 reports OLS regression coefficients for the full sample. These essentially yield the same results.
In addition, we explore whether the marginal effects of the main variables of interest are different in terms of sign and magnitude for different levels of article impact. Fig. 4 shows the marginal effects at the mean after probit regression of (A) logCitesPreReplication, (B) Top5-Journal, (C) Top50University, and (D) DataOrCode for specification (6) of Table 3 for different levels of article impact. We show 95% confidence intervals. The horizontal axis indicates article impact, i.e., logCite-sPreReplication, while the vertical axis indicates the marginal effect on the replication probability. Fig. 4A suggests that the marginal effect of logCitesPreReplication on the replication probability is positive for all levels of article impact and increasing in article impact. The marginal effect of Top5Journal on the replication probability is negative for all levels of article impact and decreasing in article impact (Fig. 4B) . The marginal effect of Top50University on the replication probability is positive for all levels of article impact and increasing in article impact (Fig. 4C ). Fig. 4D suggests that the marginal effect of DataOrCode on the replication probability remains at almost zero percentage points for different levels of article impact.
Finally, in a similar fashion as in Fig. 4 , we explore whether the marginal effects of the main variables of interest are different in terms of sign and magnitude for different levels of author quality indicated by the H-index of the best author. Appendix 5 suggests that the marginal effects of logCitesPreReplication, Top5Journal, Top50University, and Da-taOrCode are not sensitive in terms of sign or magnitude for different levels of author quality.
Characteristics of replicated and replicating authors
We examine the characteristics of authors whose journal articles have been replicated (replicated authors) and compare them with the characteristics of the authors of the respective replicating articles (replicating authors) and with the characteristics of authors in the full sample of 1243 articles, i.e., authors of replicated and nonreplicated articles. 47 In Fig. 5 , we consider the characteristics of authors from all articles in the sample (indicated by the four respective bars on the lefthand side), replicated authors (respective bars in the middle), and replicating authors (respective bars on the right-hand side). We obtained 46 To illustrate this point, in column [7], a 172% increase in the impact factor of a journal in which an article is published is associated with a decrease of the replication probability by 7.2 percentage points. 47 It is beyond the scope of the present article to examine the channels through which prospective replicating authors become aware of articles that are eventually replicated. In this respect, an analysis based on citation networks appears to be a particularly interesting avenue for further research.
the results reported in Fig. 5 from (A) the co-author with the highest Hindex of all co-authors, (B) the co-author with the highest number of citations of all co-authors, and (C & D) the co-author that is affiliated with the highest ranked university of all co-authors. 48 On average, the H-index of replicated authors (21.54) is almost twice as high as the H-index of replicating authors (10.98). It is also higher than the H-index of the authors of all articles in the sample (17.42). Replicated authors' total citations are, on average, four times higher than total citations of replicating authors. On average, the citations are also higher than the total citations of the authors of all articles in the sample (4119 vs. 2462). In addition, replicated authors are more likely to be affiliated with a Top 50 university (0.73) than replicating authors (0.33) and all authors (0.61). Finally, the universities of replicated authors are, on average, higher ranked than the universities of replicating authors and all authors.
Discussion and further research
In order to grapple with the phenomenon of replication in broader ways and to interpret our results against this background, it is instrumental to discuss and contextualize our results. This relates in particular to the difference between informal and formal replication (see 6.1), the implications of our results for other scientific disciplines (see 6.2), and the difference between self-created and widely available data (6.3).
Informal vs. formal replications
As discussed in subsection 3.3, our approach does not allow us to make statements about informal replications, e.g., replications published in working papers, initial sanity checks, or replications done in course work. For example, Sukhtankar (2017) analyzed empirical papers in development economics published in the top five and next five general interest journals between 2000 and 2015. Of the 1056 papers, 57 (5.4%) were replicated in another published paper or working paper. The number drops to 29 (2.7%) when considering only papers published in journals. Many replications might not be published in the traditional sense at all. For example, a university teacher might want her students to "learn from the best" and choose a study for replication in class that was particularly well executed. This kind of replication effort is unlikely to be published as a peer-reviewed paper (or a discussion paper) (Fecher et al., 2016) . Furthermore, journals-in anticipation of reader expectations and impact scores-publish according to a certain news value (Feigenbaum and Levy, 1993) . One could argue that replications generally lack these qualities and are therefore rarely published in peer-reviewed journals.
However, informal replications, as well as similarly indirect forms of falsification and verification, may also help the field to strengthen its knowledge base. We suggest that a better documentation of the instances of replication would be beneficial for the scientific community as it enables the identification of high-quality research and allows the rewarding of frequent replicators. It would furthermore facilitate an answer to the question of how many (more) replications are actually needed.
This also raises the question of whether traditional journals should be the sole place to document validation and falsification efforts. In line with Coffman et al. (2017) , we argue that journals should indeed publish more replication studies, for instance in the form of short replication reports. In addition, attention should be given to novel infrastructures for scientific self-control and post-publication review, for example through watch blogs like RetractionWatch, 49 databases like the ReplicationWiki, replication journals (e.g., Hoeffler, 2017) , or platforms like PubPeer 50 . Considering the issues raised in the introduction of this paper (increasing retraction rates, issues with replicability in many empirical disciplines), it seems reasonable to document and reward work that contributes to the quality of Fig. 4 . Marginal effects at the means after probit regression (by article impact). We use the marginsplot command in Stata to create this figure. Fig. 4 shows the marginal effects at the mean after probit regression of (A) logCite-sPreReplication, (B) Top5Journal, (C) Top50University, and (D) DataOrCode for specification (6) of Table 3 for different levels of logCite-sPreReplication. 95% confidence intervals are shown. logCitesPreReplication is indicated by the horizontal axis. The marginal effect on the replication probability is indicated by the vertical axis. Figure A suggests that the marginal effect of logCitesPreReplication on the replication probability is positive. It increases in logCite-sPreReplication. The marginal effect of Top5-Journal on the replication probability is negative and decreases in logCitesPreReplication ( Figure B) . The marginal effect of Top50University on the replication probability is positive. It increases in logCitesPreReplication ( Figure C) . Finally, Figure D suggests that the marginal effect of DataOrCode on the replication probability remains at about 0 percentage points for different levels of logCitesPreReplication. Fig. 5 . Characteristics of authors from all articles in the sample (indicated by the four respective bars on the left-hand side), replicated authors (middle), and replicating authors (right-hand side). For the 1243 articles in the full sample, 130 replicated articles and their respective replicating articles, the results reported in this figure are obtained from (A) the co-author that has the highest H-index of all co-authors, (B) the co-author that has the highest number of citations of all co-authors, and (C & D) the co-author that is affiliated with the highest ranked university of all co-authors. Higher ranked universities have a lower position in the university ranking. the academic knowledge base. This seems particularly relevant for the field of economics because, on the one hand, it has a high relevance for political and economic decision-making and because it has a strong tradition of impactful non-peer-reviewed publication in form of discussion papers on the other.
Implications for other scientific disciplines
Recent empirical evidence suggests that false positives are a major source for concern in many social and biomedical sciences (Bettis, 2012; Begley and Ellis, 2012; Brodeur et al., 2016; Freedman et al., 2015; Gall et al., 2017; Ioannidis, 2012; Open Science Collaboration, 2015; Prinz et al., 2011) . In addition, recent theoretical work on highquality scientific production and replication suggests that the underlying incentives for researchers and replicators associated with scientific research are likely to be similar in scientific fields where academic competition, i.e., publish or perish, is the leading paradigm (Gall et al., 2017; Lacetera and Zirulia, 2011; Kiri et al., 2018) . 51 Hence, there is no a priori reason to believe that the incentives of an academic economist to conduct novel research and/or replication studies should be structurally different from the incentives of a political scientist, biomedical scientist, or social psychologist. It is in this respect that studying replication in empirical economics may shed light on replication in other fields. Or, as Coffman et al. (2017, p. 44) put it: "Clearly the issue of replicability is a source for substantial concern in economics as well. While we believe the economics profession is not doing too badly on the dimension of replicability, this is an area that economists can be leaders in designing better mechanisms for promulgating academic research."
Self-created vs. widely available data
Although we differentiate between self-created and widely available data in our analysis, it cannot unequivocally be concluded that noncompliance with data disclosure policies led to fewer replication studies, nor whether making program code available is more important than a general increase in data availability. For instance, it is possible that authors in our sample did not have to make their data available (and thereby comply with a journal's data policy) because their data was already widely available (e.g., census data).
Conclusions
Our results confirm previous assumptions that relate replication to impact (Dewald et al., 1986; Furman et al., 2012; Hamermesh, 2007 Hamermesh, , 2017 . Researchers tend to replicate high-impact research from renowned researchers and institutions. In this regard, private incentives are well aligned with societal interests, since high-impact publications are also the studies that are most likely to influence decision-makers in private and public organizations. It seems expedient with regards to the evolution of knowledge to critically examine new insights that could change the discourse in a field (Loasby, 2002; Popper, 1959; Freedman et al., 2015) . In a game-theoretical analysis of high-quality scientific production, Kiri et al. (2018) propose that replicators will not attempt to replicate articles published in high-quality journals that specialize in separating out the high-quality articles from the low-quality articles. Our results, which show that the replication probability is lower for articles published in the top five economics journals, provide empirical support for Kiri et al. (2018) 's proposition. In addition, while our sample does not allow us to make statements regarding the optimal amount of replication, the observation that the amount of published articles in economics increased at a higher rate than the amount of published replication studies suggests that more attention should be given to published formal replication studies.
Our results concerning data disclosure policies appear ambiguous at first sight. While we cannot detect a statistically strong impact of data disclosure policies on the replication probability for the full sample of articles published between 1974 and 2014, the picture changes when we restrict the analysis to the time period when mandatory data disclosure was introduced around 2004. Exploring the subsample of articles published in or after 2004, we find evidence for a statistically significant positive effect of mandatory data disclosure policies on the replication probability. Arguably, mandatory data disclosure policies may reduce the replicator's cost of replication, thereby increasing the replication probability. The lack of significance in the overall sample may simply be due to the fact that a genuine regime change occurred around 2004 that is not captured in the overall regression. We also show that for 37% of the empirical articles studied that are subject to mandatory data disclosure, the data or program code was not available even though the data was not proprietary. This raises concerns regarding the enforcement of mandatory data disclosure policies (Vlaeminck and Hermann, 2018) .
Hence, our results suggest that replication efforts could be incentivized by reducing the cost of replication, for example by promoting data disclosure (see also Hoeffler, 2017) . 52 Our results further suggest that the decision to conduct a replication study is, at least partly, driven by the replicator's reputation considerations. Other possible explanations are the importance of the topics explored in the replicated articles and their impact on public policy as well as editors' publication strategies vis-à-vis replication studies. We argue that the low number of replication studies being conducted could potentially increase if replication studies received more formal recognition (for instance, through publication in [high-impact] journals), specific funding, (for instance, for the replication of articles with a high impact on public policy), or awards. 53 Our empirical study does not cover informal replication studies that are not published in peer-reviewed journals. These, however, seem to gain in importance with a recognizable move toward open science and postpublication review. Informal replication practices include, for instance, replications conducted in teaching, discussion in a public forum (e.g., PubPeer), and replication studies published as working papers on preprint servers and archives. It appears highly relevant to examine these practices in a consecutive study in order to get an indication of the sufficient amount of replication as well as the potential of novel review mechanisms. Since replication is, at least partly, driven by reputational reward, it may be a viable strategy to document and reward formal as well as informal replication practices. A potentially viable strategy could be to promote replication studies in teaching and as an (optional) chapter of dissertations (Fecher et al., 2016) . This would be easy to implement because cumulative dissertations are standard practice for dissertations in economics.
2015)
, it seems highly relevant to examine further whether the control mechanisms can cope with a higher publication output. If more replications in economics are needed, it would make sense to invest in lowering the costs of replication, for instance by promoting the availability of data and code, and to increase the reputational gain from replication efforts (e.g., through awards). 53 We find that funding bodies typically do not have replication policies (Appendix 3). We propose that funding bodies introduce replication policies if one of their objectives is to improve the boundary conditions for replication practice. Notes: FunderDataSupport is a variable ranging from 0 to 5 that indicates the number of data policies and data management tools that external research funders provide to the authors they support. This variable can be thought of as the extent to which external funders have policies in place that facilitate data availability. To obtain this variable, we analyzed the funding guidelines of 36 research funding bodies worldwide regarding their data management policies. We treat the guidelines as textual data and code if they mention data management, if they specify where and how data should be stored, its terms of access (e.g., on request or public), documentation standards, and if they mention replication studies. 
Appendix 4. Full version of
